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Abstract 
Conventional charging methods and possible problems of lithium iron phosphate (LiFePO4) battery have been analyzed, 
and a large number of experiments have been done. According to charge characteristics of single battery, a new charging 
method of LiFePO4 battery has been proposed. This method is based on the relationship between battery voltage and state 
of charge (SOC) in the process of battery charge; determine the constant voltage value during the constant voltage process 
through the change rate of batter voltage, and control charge process of the battery combined with the maximum charge 
cut-off voltage. Experiments show that the battery can be charged into 100% of capacity by the new method. Simultaneity, 
avoids battery over-charge problem, reduces attenuation pace of battery capacity, and extends cycle life of battery. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011] 
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1. Introduction 
In 1997, Goodenough et al proposed using lithium iron phosphate as cathode materials for lithium ion 
secondary batteries [1]. Compare with the cathode material of traditional hierarchical structure and spinel 
structure, lithium iron phosphate cathode material with olivine structure. It has 3.6g / (cm)-3 density, 
theoretical capacity of 170mAh / g [2]. In recent years, many researchers have done extensive studies on 
LiFePO4 cathode material preparation and modification, and achieve many significant results [3]. LiFePO4 has 
many advantages, for example, which has a long cycle life, use of safety, big power density, low cost, high 
work voltage, and so on. It is widely used in various mobile communications equipment, instruments, hybrid 
electric vehicle (HEV) and pure electric vehicles (EV) [4].  
Battery management system is important in battery applications, and its working state will have a direct 
impact to the cycle life and the normal operation of the battery [5]. Battery management system is mainly to 
detect the battery voltage, current and temperature, to control charge-discharge process of the battery, to 
estimate SOC of the battery [6]. Currently, charging method of LiFePO4 battery is the constant current- constant 
voltage charging mode. Because LiFePO4 cathode material and production process are different, different charge cut-off 
voltages are given by producers. Experimental results show that the battery terminal voltage and the battery 
temperature will rise rapidly in the battery constant current charging late. If not well controlled charging 
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process, which may cause the decomposition of the electrolyte, electrode polarization increased, the 
temperature rise, and damage the battery [7]. In addition, when initial capacity of the battery is different, rise 
rate of the battery terminal voltage is different in the battery constant current charging late [8]. When the 
voltage rise rate is slow, the battery has a stable internal reaction, temperature rises slowly, set higher cut-off 
voltage, the battery cycle life has little effect, and the battery can be charged more energy in the constant 
current charging phase. When the voltage rise rate is fast, the battery has an intense internal reaction, the 
polarization increased and the temperature rises quickly, set higher cut-off voltage, easy thermal runaway, 
thus affecting the battery cycle life. Studies show that the higher charge cut-off voltage, charge into more 
energy, but shorter battery cycle life, the more serious damage to the battery [9].  
In this paper, reaction mechanism of LiFePO4 battery is introduced, and charge process of single battery 
is analyzed and studied. Through the analysis of voltage change rate in LiFePO4 battery charging process, 
determine constant voltage value of constant voltage charging process, and control charge process of the 
battery combined with the maximum charging cut-off voltage.  
2. Charge and discharge mechanism of battery 
In nature, LiFePO4 cathode materials exist in lithium iron phosphate ore. Extensive researches have been 
done in the structure and properties of LiFePO4 cathode material [10]. The reaction mechanism of LiFePO4 as 
follows:  
In charging process: 
( )4 4 4LiFePO xLi xe xFePO 1 x LiFePO+ −− − → + −                                                                  (1) 
In discharging process: 
( )4 4 4FePO xe xLi xLiFePO 1 x FePO− ++ + → + −                                                                      (2) 
As can be seen from the charge and discharge process; the charge-discharge reaction is carried through 
between LiFePO4 and FePO4 two phases. In the charging process, lithium-ion emerges from LiFePO4 and 
forms FePO4 phase. In the discharging process, lithium-ion embeds FePO4 and forms LiFePO4 phase. In the 
late charge, the battery internal resistance and terminal voltage increases rapidly with lithium-ion reduction. 
When the battery terminal voltage reaches charge cut-off voltage, begins to decrease charging current to the 
battery voltage does not exceed the charging cut-off voltage. 
3. Experiments and analysis  
In the experiment platform, the charge-discharge experiments of 200Ah/3.2V LiFePO4 battery have been 
done. The charge-discharge process has been monitored and controlled by battery management system. The 
charging current is 25A. When the battery terminal voltage reaches charging cut-off voltage, charger stops 
working, and charging is completed. 
3.1. Experiment of discharge depth 1 
When battery discharge depth is about 1, charging experiment has been done in the experiment platform. 
Charging cut-off voltage set to 4.00V. When the battery voltage reaches 4.00V, charging time is about 447 
minutes, and charge into capacity is about 186Ah. Charging curve of the battery shown in Fig. 2. 
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Fig. 2 charging experiment of discharge depth 1 
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3.2. Experiment of discharge depth 0.2 
When battery discharge depth is about 0.2, charging experiment has been done in the experiment 
platform. Charging cut-off voltage set to 4.40V. When the battery voltage reaches 4.40V, charging time is 
about 93 minutes, and charge into capacity is about 38Ah. Charging curve of the battery shown in Fig. 3. 
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Fig. 3 charging experiment of discharge depth 0.2 
3.3. Experiment of discharge depth 0 
In the case of no discharge, that is, battery discharge depth is about 0, charging experiment has been 
done in the experiment platform. Charging cut-off voltage set to 4.20V. When the battery voltage reaches 
4.20V; charging time is about 3 minutes, and charge into capacity is about 1Ah. Charging curve of the battery 
shown in Fig. 4. 
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Fig. 4 charging experiment of discharge depth 0 
4. Results and discussion 
4.1. Change rate analysis of battery voltage 
Fig. 2 can be seen, when battery discharge depth is about 1, the late in charge, battery voltage rises more 
slowly. When battery voltage at 3.50 V to 3.60 V, the change rate of the battery voltage is:  
min/005.0
18
50.360.3
V
t
U
=
−
=
Δ
Δ
                                                                          (3) 
When battery voltage up to 3.60 V, the voltage change rate continues to rise, the maximum change rate 
of the battery voltage is: 
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                                                                               (4) 
It costs 25 minutes for battery voltage from 3.50 V up to 3.70 V. Charge into energy is about 10.4 Ah. 
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Fig. 3 can be seen, when battery discharge depth is about 0.2, the late in charge, battery voltage rises 
faster. When battery voltage at 3.50 V to 3.60 V, the change rate of the battery voltage is:  
min/033.0
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                                                                          (5) 
When battery voltage up to 3.60 V, the voltage change rate continues to rise, the maximum change rate 
of the battery voltage is: 
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                                                                              (6) 
It costs 4 minutes for battery voltage from 3.50 V up to 3.70 V. Charge into energy is about 1.67Ah. 
Fig. 4 can be seen, when battery discharge depth is about 0, the late in charge, battery voltage rises 
rapidly. When battery voltage at 3.50 V to 3.60 V, the change rate of the battery voltage is:  
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When battery voltage up to 3.60 V, the voltage change rate continues to rise, the maximum change rate 
of the battery voltage is: 
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                                                                              (8) 
It costs 1 minute for battery voltage from 3.50 V up to 3.70 V. Charge into energy is about 0.4Ah. 
4.2. Analysis of constant current charging end 
Fig. 2 to Fig. 4 can be seen, when battery discharge depth is about 1, the change rate of battery voltage is 
smaller in the constant current charging late. According to analysis of electrochemical reaction of the battery, 
at this point, there is a stable chemical reaction inside the battery, the battery temperature rises slowly, and the 
battery voltage rises slowly. When charging cut-off voltage set to 3.70 V, the battery charge into energy is 
about 11 Ah during battery voltage from 3.50 V up to 3.70 V. When battery discharge depth is about 0.2, the 
change rate of battery voltage is bigger in the constant current charging late. According to analysis of 
electrochemical reaction of the battery, at this point, there is an unstable chemical reaction inside the battery, 
the polarization intensified, the battery temperature and voltage rise rapidly. When charging cut-off voltage 
set to 3.70 V, the battery charge into energy is about 2 Ah during battery voltage from 3.50 V up to 3.70 V. 
When battery discharge depth is about 0, the rise rate of battery voltage rises rapidly in charging process. 
According to analysis of electrochemical reaction of the battery, at this point, there are fewer lithium ion in 
the cathode, the polarization resistance is large, temperature and voltage of the battery rise rapidly. When 
charging cut-off voltage set to 3.70 V, the battery hardly charges into energy during battery voltage from 3.50 
V up to 3.70 V. If do not limit the battery charging cut-off voltage, battery voltage and temperature will rise 
rapidly in constant current charging process, which will affect cycle life of the battery, or even damage the 
battery. Therefore, the judgment of constant current charging end and the selection of constant voltage value 
are very important for the effective use of battery, which can extend cycle life of the battery.  
According to analysis of battery charge process under different discharge depth. When battery discharge 
depth is deeper, the battery voltage rises lowly in the constant current charging late, chemical reaction is 
stable inside the battery, the temperature increased slowly, can consider the battery charging cut-off voltage is 
set higher in current charging process, for example, set 3.70 V, this is less damage to battery, and allows more 
energy charge into the battery. When battery discharge depth is shallower, the battery voltage rises rapidly in 
the constant current charging late, chemical reaction is unstable inside the battery, the temperature increased 
rapidly, can consider the battery charging cut-off voltage is set lower in current charging process, for example, 
set 3.60 V. There is less damage to the battery.  
Therefore, a new charging method of LiFePO4 battery has been proposed. In this way, at the end of the 
constant current charging, the battery can charge into more than 90% of capacity. The battery can be charged 
into 100% of capacity at the end of charging, and extend cycle life of the battery; this method is easily 
implemented in engineering.  
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4.3. The new charging method and validation 
As voltage change rate of the battery is analyzed under the 25A constant current, so the battery needs 
charge under by 25A constant current. It judges constant current charging end at 3.5 V to 3.6 V through the 
voltage change rate of the battery, then begins to decrease charging current to the battery voltage does not 
exceed the charging cut-off voltage. The charging is end when the current is reduced to the set value.  
According to previous analysis, the battery voltage change rate is 0.005V/min when discharge depth is 
about 1, and the battery voltage change rate is 0.1V/min when discharge depth is about 0 at 3.50 V to 3.60 V.  
The criterion formula of the battery constant current charging end is as follows: 
)1.0005.0()005.0(*4max ≤≤−−= xxUUcut                                                     (9) 
Where   Ucut is voltage value of the constant current charging end; 
Umax is the maximum constant voltage value of the constant voltage phase, here take 3.70 V; 
                      x = ƸV /Ƹt for the voltage change rate of the battery voltage at 3.50V to 3.60V; 
       When x is less than 0.005, Ucut take 3.70V. when x is greater than 0.1, Ucut take 3.60V.  
       When constant current charging process is complete, then begins to decrease charging current to the 
battery voltage does not exceed the charging cut-off voltage Ucut.
Experiments validation shows that battery can be charged into more than 90% of capacity at the end of 
constant current phase by the new method of LiFePO4 battery. The battery can be charged into 100% of 
capacity at the end of charging. This is consistent with the purpose of design. 
5. Conclusion 
In this paper, LiFePO4 battery is used as the object of study. The change rate of battery voltage is 
analyzed in constant current charging by the relationship between battery voltage and SOC. A charging 
method of LiFePO4 battery is proposed according to changing rate of battery voltage and maximum charging 
cut-off voltage. Experiments validation shows that battery can be charged into more than 90% of capacity at 
the end of constant current phase by the new method of LiFePO4 battery. The battery can be charged into 100% 
of capacity at the end of charging. Simultaneity, avoids battery over-charge problem, reduces attenuation pace 
of power battery capacity, and postpones cycle life of power battery.  
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